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Department of Biological Sciences, National University of Singapore, SingaporeABSTRACT For over a decade, scientists have been attempting to know more about the conformational dynamics of fatty
acid binding proteins (FABPs), to answer the puzzling question of how ligands could access the internalized binding site(s).
Conformational exchange of FABPs on the microsecond to millisecond timescales has been found in many FABPs and offers
an important hypothesis for the ligand entry mechanism. Despite the potential signiﬁcance, the validity of this hypothesis has
not been veriﬁed yet. In this study, the slow dynamics of human liver fatty acid binding protein (hLFABP) that was shown previ-
ously to be highly ﬂexible on millisecond timescales was quantitatively characterized in detail. In addition, the interaction between
hLFABP and 1,8-ANS was studied using NMR spectroscopy, and the kinetic rate of ANS association to hLFABP was measured.
We believe the current result excludes the possibility that the intrinsic millisecond dynamics of hLFABP represents a critical
conformational reorganization process required for ligand entry, but implies that it may represent the exchange between the
apo-state and a state resembling the singly-bound conformation. Furthermore, we suggest these results show that the ligand-
entry related functional dynamics could occur on the microsecond/submicrosecond timescales, highly encouraging future
computational studies on this topic.INTRODUCTIONFatty acid binding proteins (FABPs) form an important
family of intracellular proteins, which have high affinity
with the poorly soluble lipid molecules and facilitate their
intracellular transportation (1,2). Structural biology studies
have shown that all FABPs share a well-conserved b-barrel
structure with at least one internalized ligand binding site
(3–8). However, despite the high resolution structures of
FABPs solved, the mechanisms of how the ligand molecules
access the internalized binding site have not yet been fully
understood. Considering that the crystal structures of FABPs
do not show obvious openings for ligand entry/exit, transient
conformational reorganizations would play a critical role in
ligand association/dissociation.
The area delimited by a-helix II and the turns between
bC-bD and bE-bF strands, based on inspection of the crys-
tallographic model of intestinal FABP (IFABP), was
proposed previously as a portal region for ligand entry/exit
(9). This region has since then received much attention
(10–16). Until now, one of the strongest experimental
evidences supporting this hypothesis was the dynamics
studies on rat IFABP by Hodsdon and Cistola (12), which
suggested that the portal region was significantly more
flexible over a wide range of timescales (as evidenced by
the extremely low order parameters (S2), remarkable contri-
bution of conformation exchange to transverse relaxation
(Rex), and significant amide proton exchange) than other
parts of the protein. The dynamics data supported the
hypothesis of a conformational disorder-order transition
(11) although the timescale of the functional dynamics wasSubmitted January 10, 2010, and accepted for publication March 19, 2010.
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Zhang et al. (17) showed that the portal region of human
IFABP was much more rigid on ps-ns timescales than sug-
gested previously by Hodsdon and Cistola (12). In addition,
fatty acid binding was not found to significantly change the
backbone mobility of human IFABP on the ps-ns timescale
(17). Although the dynamical behavior of IFABP on ps-ns
timescales remains controversial, the dynamics studies on
ps-ns timescales for heart, epidermal, muscle, and liver
FABPs have shown the relative backbone rigidity of the
portal region for these proteins (18–21). Thus, it is reason-
able to surmise that the functional dynamics might happen
on a much slower timescale. The previous kinetics study
on IFABP implies that the ligand binding might be regulated
by the protein conformational isomerization on the milli-
second timescale (22). In addition, protein conformational
dynamics on ms-ms timescales would have significant contri-
bution to the NMR transverse relaxation rate. Indeed, the
existence of Rex was noticed for various FABPs in the model
free analyses (12,18,20) and was hypothesized to represent
a conformational exchange of portal residues between the
close and open states (18), providing an important hypoth-
esis for the ligand entry mechanism. For evaluating this
hypothesis, detailed and quantitative characterization of the
slow motions of FABPs is indispensable, which, unfortu-
nately, is missing in the literature.
Liver FABP (LFABP) is a unique family member, which
can accommodate two fatty acids as well as many bulky and
rigid ligands such as fatty acid-CoA thioesters, lysophospha-
tidic acid, bile salts, heme, 1,8-ANS, lipophilic drugs, etc.
(2,23,24). The x-ray structures of both apo-LFABP and
holo-LFABP (6,25) do not show any obvious openings on
the protein surface, thus, significant conformational dynamicsdoi: 10.1016/j.bpj.2010.03.047
Millisecond Dynamics of hLFABP 3055is expected for this protein so as to allow ligand entry and exit.
He et al. (26) proposed recently that the apo-rat LFABP adop-
ted an open conformation and ligands binding to LFABP
might occur through conformational fluctuations of the
a-helix cap. This open conformation is not found in the domi-
nant conformation of apo-human LFABP (25,27), however,
we recently identified that human LFABP (hLFABP) is quite
flexible on millisecond timescales, indicating the potential
conformational exchange between the open and closed states
(28). This assumption is, nonetheless, pending for more
rigorous experimental test. This study presents what we
believe to be a detailed analysis of the millisecond dynamics
of hLFABP. In addition, the validity of the hypothesis about
the potential correlation between the millisecond dynamics
and the ligand entry process of hLFABP is examined by
analyzing the kinetic rates of hLFABP-ligand interaction.MATERIALS AND METHODS
Protein puriﬁcation and NMR sample preparation
The procedure for expression and purification of 15N-labeled apo-hLFABP
were described previously (21). Delipidation of the purified hLFABP
followed the widely adopted lipidex method (29). By thorough buffer
exchange, protein samples (~1 mM hLFABP, 50 mM NaCl, 1 mM
EDTA, pH 5.5) were prepared for relaxation experiments. The protein
concentrations were determined according to the UV absorbance at
280 nm. For the preparation of partially saturated hLFABP by 1,8-ANS,
a concentrated ANS solution (pH 5.5) was added into the hLFABP protein
solution to obtain three samples with respective final molar ratios ([ANS]/
[hLFABP]) of ~0.25:1, 0.5:1, and 2.5:1. Note that the concentration of
ANS or hLFABP hereafter denotes the total concentration instead of the
free form in the solution of hLFABP-ANS complex. The pH values of the
complex solutions were verified using a pH meter maintained at 5.5.
For verifying the Rex values detected in apo-hLFABP (delipidated by lip-
idex chromatography), an alternative delipidationmethod was also attempted
to prepare apo-hLFABP. In this method, the purified hLFABP from Escher-
ichia coli cells was denatured in 8 M urea to abort the protein’s ability of
binding lipids. The denatured protein was then applied to HPLC (hydro-
phobic column) to separate the unfolded LFABP and lipid molecules. After
lyophilization of hLFABP (eluted fromHPLC), the protein powderwas redis-
solved in water and then changed to the desired buffer. In this way, hLFABP
was found to refold quite successfully, producing identical 15N HSQC spec-
trum with the one delipidated by the lipidex method (without denaturation
treatment). The hLFABP sample prepared by this unfolding-refolding
method is believed to be lipid-free. However, the stability of the refolded
hLFABP was found to be decreased, which resulted in slow precipitation.
This sample, thus, was only used for verifying theRex values of apo-hLFABP.ANS titration
15N-labeled hLFABP (~0.46 mM protein, 50 mM NaCl, pH 5.5, 90% H2O,
and 10% D2O) was used for titration experiments at 20
C. Concentrated
ANS solution (pH 5.5) was titrated into the protein solution at final concen-
trations of 0.11, 0.23, 0.46, 0.92, 1.8, and 3.57 mM, respectively. The HSQC
spectrum at each ANS concentration was recorded on a 500 MHz spectrom-
eter. Combined chemical shift perturbations (CCSP) (30,31) were calculated
as follows:
DppmðCCSPÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðDdHNÞ2 þðDdN  aNÞ2
q
; (1)where DdHN and DdN are the respective differences of
1H and 15N chemical
shifts in the absence of ANS and in the presence of 0.46 mM ANS; aN is
a scaling factor with a value of 0.17.
NMR relaxation experiments
Relaxation dispersion spectra for apo-hLFABP and partially saturated
hLFABP ([ANS]/[protein] ¼ 0.25:1 and 0.5:1) were recorded on Bruker
800 MHz and 500 MHz spectrometers at 20C using the pulse scheme
described previously (28). For the hLFABP sample partially saturated at
the low affinity site ([ANS]/[protein] ¼ 2.5:1), the relaxation dispersion
profiles were recorded only at an 800 MHz field. A constant time delay
(TCP ¼ 50 ms) was used with a series of CPMG frequencies, ranging
from 40 Hz to 960 Hz. For the correction of the apparent relaxation rates
(28), the 15N relaxation times T1 and T1r, and
1H-15N NOEs of apo-hLFABP
were measured at a 500 MHz field using inverse-detected two-dimensional
NMR methods at 20C (32,33). The relaxation delays of 5, 60, 150, 250,
360, and 505 ms were used for determination of T1 values. T1r values
were determined by collecting seven points with delays of 5, 20, 40, 60,
80, 100, and 125 ms using a spin-lock field strength of 1600 Hz. Proton satu-
ration time for the NOE measurement was 2.5 s, whereas the recycle delay
was also 2.5 s. T2 values were calculated from T1 and T1r values. The cor-
responding T1 and T2 values at an 800 MHz field were calculated from the
T1, T2, and NOE values at a 500 MHz field using the model free formalism
(34). The correction values for the effective transverse relaxation rate (Reff2 )
were generally <0.7 s1. In the correction for partially saturated samples,
minor changes of intrinsic relaxation rates due to ANS binding were ne-
glected. The corrected dispersion profiles were subsequently fitted with
the two-state exchange model to extract kinetics parameters. For the curve
fitting of relaxation dispersion profiles of the apo-protein, the experimental
data were fitted individually for each residue. For the curve fitting of relax-
ation dispersion profiles of the partially saturated hLFABP samples (of the
concentration ratios 0.25:1 and 0.5:1), the experimental data of selected
representative residues were fitted globally, assuming the same exchange
rate and populations. In addition, the DuN values (between the apo-state
and singly bound state) for individual residues were determined from the
NMR titration result and were fixed in the curve fitting. The standard errors
of the extracted parameters were estimated using the jackknife method.
Use of a temperature (20C) lower than the physiological temperature is
due to the better stability of protein-ANS complex when ANS is in excess
([ANS]/[hLFABP] ¼ 2.5:1). At 20C, the protein’s function (interaction
with fatty acids, ANS, and various other ligands) is well maintained.
Thus, in vitro experiment at this temperature should be meaningful.RESULTS AND DISCUSSION
An assumptive model
To describe the hypothetical relationship between the
intrinsic conformational exchange of hLFABP and the entry
and exit of ligands, an assumptive model is presented as
follows, which is based on the idea that protein conforma-
tional isomerization regulates the ligand binding process (22).
apo LFABP
ðclosed portal; major stateÞ
%
k1
k1
apo LFABP0
ðopen portal; minor stateÞ
; (I)
apo LFABP0
ðopen portal; minor stateÞ
þLigand%k2
k2
holo LFABP0ðSÞ
ðopen portal; minor stateÞ
; (II)
holo LFABP0ðSÞ
ðopen portal; minor stateÞ
%
k3
k3
holo LFABP0ðSÞ
ðclosed portal; major stateÞ
; (III)Biophysical Journal 98(12) 3054–3061
3056 Long and Yang0 k4 0FIGURE 1 hLFABP residues undergoing conformational exchange
(green). Based on the backbone assignment of hLFABP (27), these residues
are identified as Y9, Q10, L11, N16, I24, I31, G39, V40, E42, I43, F52, T53,
I54, T55, A56, G57, V60, N63, E64, F65, V67, E74, M76, T77, V81, V94,
T95, T96, K98, V103, T104, E105, T112, N113, M115, K123. The protein
structure is displayed using UCSF Chimera (39).holoLFABP ðSÞ
ðopen portal; minor stateÞ
þLigand%
k4
holoLFABP ðDÞ
ðopen portal; minor stateÞ
; (IV)
holo LFABP0ðDÞ
ðopen portal; minor stateÞ
%
k5
k5
holo LFABPðDÞ
ðclosed portal; major stateÞ
: (V)
In this model, the intrinsic conformational exchange is
assumed to represent a dynamical equilibrium between
open and closed states of the portal region(s), whereas the
ligand molecules can only bind the protein through the
open state that is invisible due to the low population. As
a sequential multistep reaction, the overall exchange rates
should be limited by the kinetic rates of individual steps.
For binding of the first ligand at the high affinity site, the
overall exchange can be represented as:
apo LFABP%
k
0
on
koff
holo LFABPðSÞ; (VI)
that should satisfy:
k
0
on%k1; (2)
where kon
0 is the apparent on-rate, which depends on the
concentration of the free ligand ([L]) in solution. This
inequality condition (Eq. 2) will be rigorously tested in the
following sections.
Intrinsic millisecond dynamics of apo-hLFABP
The relaxation dispersion spectra recorded at an 800 MHz
field revealed that a large number of residues underwent
conformational exchange at 20C. The Rex value of each
residue was approximated as
RexzR
eff
2 ðvCP ¼ 40 HzÞ  Reff2 ðvCP ¼ 960 HzÞ: (3)
The Rex values for the apo-hLFABP prepared using the
lipidex column were consistent with those for the refolded
apo-hLFABP (data not shown). Thus, the Rex should be
attributed to the intrinsic slow motions of apo-hLFABP
instead of the interference with a trace amount of lipids
that remained bound to hLFABP after delipidation using
the lipidex column. Using a cutoff of RexR 1.5 s
1, 36 resi-
dues were identified as exchanging residues, which are high-
lighted on the three-dimensional structure of hLFABP, as
shown in Fig. 1.Disappointedly, these exchanging residues,
instead of locating around certain portal regions, are quite
spread on the protein structure. This distribution of
exchanging residues indicated that the conformational
exchange of hLFABP might not represent the closed to
open exchange of portal region(s).
For quantitative analysis of the conformational exchange,
the relaxation dispersion profiles were subsequently used for
extracting exchange parameters (k1 and k1). For reliable
extraction of kinetics parameters through curve fitting, the
Rex values of a given residue at both fields (500 MHz and
800 MHz) should be sufficiently large. Thus, in the currentBiophysical Journal 98(12) 3054–3061studies, only the residues that displayed Rex > 1.5 s
1 at
both fields were fit into the theoretical model, which were
E42, F52, T53, I54, T55, E64, F65, M76, and V94, as shown
in Fig. 2. It is worth noting the extracted k1 values range from
4.2 s1 to 12 s1 (Fig. 2), which are considerably smaller
than expected. According to the inequality condition
(Eq. 2), kon
0 should be limited to %~10 s1, provided that
the conformational exchange observed on this timescale
regulates the ligand binding.ANS binding studied by NMR titration
1,8-ANS is a widely known fluorescent analog of fatty acids,
which interacts with FABPs (24,35,36). Previous fluores-
cence measurements showed that ANS can bind to two
different sites of rat LFABP with binding affinities differing
by an order (24). In this study, a large number of hLFABP
residues were perturbed on titration of ANS, due to both
direct binding and allosteric effects, as shown in Fig. 3.
Chemical shift walking in the titration indicates that the over-
all exchange rates are fast/intermediate on the chemical shift
time regime, and that most perturbed peaks moved sequen-
tially at two different directions shows clearly that LFABP
can bind two molecules of ANS (Fig. 3), which agrees
with the previous result in the literature (24). It is worth
noting that in the presence of excessive ANS molecules,
ANS might form additional weak association on the surface
of the hLFABP, which is evidenced by the minor change of
FIGURE 2 Relaxation dispersion
profiles of the residues with intrinsic
conformational exchange. The residues
that displayed Rex R 1.5 s
1 at both
500MHz and 800MHzfieldswere fitted
with the two-state exchange model, and
the kinetics parameters (k1 and k1)
and chemical shift difference (Du)
were extracted. Du values are given in
angular frequencies at 500 MHz field.
The experimental data collected at
500 MHz and 800 MHz fields are repre-
sented as o and *, respectively. The solid
lines are theoretical curves. The errors in
k1, k1, andDuwere estimated using the
jackknife method, and they were similar
to those estimated using theMonteCarlo
method.
Millisecond Dynamics of hLFABP 3057chemical shift walking directions at high concentrations
of ANS (e.g., G34, I31, and K59 in Fig. 3). This weak
association could be hardly told from the titration profilesat low ANS concentrations ([ANS] % 1.8 mM, [ANS]/
[hLFABP]% 4:1), showing that the affinity of this nonspe-
cific association is much lower than the specific bindingFIGURE 3 Representative residues
in NMR titration experiments. The pro-
tein concentration was estimated to be
~0.46 mM; the concentrations of ANS
were: 0 (black), 0.11 (green), 0.23
(purple), 0.46 (red), 0.92 (orange), 1.8
(cyan), and 3.57 (light purple) mM.
The direction of chemical shift walking
due to ligand binding at the high (low)
affinity site is indicated by the black
(blue) arrow, (K59 did not show reso-
nance shift on binding at the high
affinity site); the minor change of the
direction due to additional weak associ-
ation is indicated by the dashed brown
arrow.
Biophysical Journal 98(12) 3054–3061
3058 Long and Yanginside the b-cavity. Further titration of ANS ([ANS]/
[hLFABP] > 8:1) had negligible changes on protein
chemical shifts, but the resonance intensity was significantly
weakened, which would be attributed to protein random
aggregation induced by the nonspecific binding.FIGURE 4 Kinetics of hLFABP-ANS interaction. The hLFABP-ANS
samples were prepared by adding ANS into the solution of hLFABP with
final molar ratios (ANS/hLFABP) of (A) ~1:4 and (B) ~1:2, respectively.
The experimental data of representative residues recorded at 500 MHz (o)
and 800 MHz (*) fields were fitted with the two-state exchange model (solid
lines) globally as described in the Materials and Methods.Kinetic rates of ANS binding at the high afﬁnity
site
At low concentrations of ANS ([ANS]/[hLFABP] ¼ 1/4 or
1/2), ANS primarily binds at the high affinity site, as shown
in formula (Eq. VI). Due to the dominant populations of
apo-LFABP and holo-LFABP(S), the exchange between
apo-LFABP and holo-LFABP(S) would dominate the contri-
bution to the Rex, although the exchange with other minor
states of hLFABP might also exist.
To quantitatively compare kon
0 and k1, the relaxation
dispersion spectra of partially saturated proteins were re-
corded. When hLFABP was ~1/4 or 1/2 saturated by ANS,
the signal intensities for the residues showing chemical shift
perturbation were significantly weakened, accompanied by
the broadening of line-widths, indicating that the exchange
rate of ANS for the high affinity binding site is close to the
intermediate rate on the chemical shift time regime. To quan-
titate the exchange rates, selected residues, which displayed
large Rex values and good signal/noise ratios, were fitted with
the theoretical model. As shown in Fig. 4 A and B, global
fitting of the dispersion profiles of four selected representa-
tive residues successfully extracted the apparent on-rates
(kon
0) and off-rate (koff), which agreed with the expected
population ratios (pfree/pbound ¼ koff/kon0) and confirmed
that the exchange rate is comparable with the chemical shift
differences (Du). In addition, the off-rates extracted at two
different ANS concentrations agreed with each other within
experimental errors, which is expected as koff is independent
of [L]. The fact that the on-rates (kon
0, 85 and 216 s1) are
much (one order) larger than k1 (~10 s
1) violates the basic
condition (Eq. 2) for the initial assumptive model. Based on
that, we conclude that the intrinsic millisecond timescale
dynamics of hLFABP should not represent a conformational
switch allowing ligand entry. The protein conformational
rearrangement, which creates ligand exchange pathways,
should occur on a much faster timescale.Kinetic rates of ANS binding at the low afﬁnity site
Binding/unbinding of the second ANS molecule seems even
faster than that of the first ANS, because no obvious reduc-
tion of signal intensities was observed when the low affinity
binding site was partially saturated. To estimate the kex of the
second binding site, the dispersion profile of hLFABP, in
which the second binding site was ~1/2 saturated (when
[ANS]/[hLFABP] z 2.5:1), was recorded. However, due
to the fast exchange rate, a CPMG frequency of 960 Hz is
not sufficient to suppress all the exchange contribution toBiophysical Journal 98(12) 3054–3061transverse relaxation. In the fast exchange limit, the residual
Rex at a given CPMG frequency can be written as (37):
RexðvCPÞ ¼ Reff2 ðvCPÞ  Reff2 ðvCP ¼ NÞ ¼

pApBDu
2=kex

 ½1 ð4vCP=kexÞ tanh ðkex=4=vCPÞ;
(4)
in which Reff2 ðnCP ¼NÞ is the relaxation rate free of the ex-
change contribution. Reff2 ðnCP ¼NÞ was not directly mea-
sured, but could be estimated as the Reff2 of the apo-hLFABP
measured at nCP of 960 Hz because the exchange contribution
to Reff2 at this CPMG field strength was negligible for the
apo-protein (as shown in the Supporting Material). Thus,
Millisecond Dynamics of hLFABP 3059RexðnCPÞzReff2 ðnCPÞ  Reff2 ðnCP ¼ 960 Hz; apo proteinÞ
¼ DReff2 ðnCPÞ: ð5Þ
Relaxation dispersion profiles of four representative resi-
dues are shown in Fig. 5 A–D. It should be noted that in
the presence of excessive ANS molecules, multiple ex-
change processes would contribute to the Rex values. The
effects of millisecond exchange processes (e.g., protein
conformational exchange and ligand association/dissociation
at the high affinity site) can be effectively suppressed at the
CPMG field strength of 960 Hz. However, fast exchange
processes other than ligand association at the low affinity
site (e.g., nonspecific association between ANS and
hLFABP and weak self-aggregation of hLFABP) may also
contribute to Rex, the effects of which may not be suppressed
completely at nCP of 960 Hz. In addition, the protein aggre-
gation would increase the intrinsic transverse relaxation
rates. Therefore, the estimation (Eq. 5) actually gives only
an upper limit of the Rex(nCP ¼ 960 Hz) that is contributed
by the fast exchange of ligand association at the low affinity
site, i.e.,
RexðvCP ¼ 960 HzÞ%DReff2 ðvCP ¼ 960 HzÞ: (6)
Based on the upper limit of residual Rex at nCP of 960 Hz,
the lower limit of kex can be calculated using Eq. 4. The
residue K33 (Fig. 5 B), which shows the relatively high
Du2=DReff2 value, was used for calculation here. The DuN
of K33 was 1.04 ppm, corresponding to 529 rad/s at an
800 MHz field. DReff2 ðnCP ¼ 960HzÞof K33 was 2.5 s1, as
shown in Fig. 5 B. The populations (pA, pB) were estimated
from the population-weighted average chemical shift of K33,
which was 56% and 44% respectively. Therefore,kexR2:3  104s1;
and
k
0ðLowÞ
on ¼ kex  pBR1:0  104s1:
Despite the complicated contributions to the transverse
relaxation rates of hLFABP when the low affinity site was
partially saturated, a rough estimation of the lower limit of
the apparent on-rate for the low affinity site shows that it is
one to two orders larger than that for the high affinity site.
The very fast exchange rate for the low affinity binding
site could also be qualitatively verified from the chemical
shift walking over long distances (up to ~0.3 ppm at the
hydrogen dimension, corresponding to 942 rad/s at a
500 MHz field) without obvious weakening of the signal
intensities in the middle way of the walking. This result
also confirms that the formation of ligand entry/exit path-
ways should take place on a fast timescale, approaching
the microsecond or submicrosecond timescale. The most
recent advances in the algorithms, software, and computer
hardware for molecular dynamics simulations have already
made this timescale accessible (38), thus, the current result
would highly encourage such long-timescale molecular
dynamics simulations on FABPs, which could provide
many mechanistic details of the ligand entry process.Chemical shift perturbation pattern—an
implication for the nature of the minor state
From the titration result, it was noticed that the chemical
shifts of a large number of residues were perturbed on ligand
binding. When both binding sites were saturated, almost all
the residues displayed obvious resonance shift; however,FIGURE 5 The relaxation dispersion profiles of repre-
sentative residues. The * represents the effective relaxation
rates measured using the hLFABP sample, in which the
low affinity site was ~1/2 saturated. The o represents the
effective relaxation rates measured using the apo-hLFABP
sample. All the experiments were conducted using an
800 MHz Bruker machine at 20C. The relaxation rates
(*) were fitted with the theoretical curve for demonstration
purpose, which should represent the millisecond exchange
that can be effectively suppressed at nCP of 960 Hz. It
should not be confused with the fast exchange of ligand
association/dissociation at the low affinity site.
Biophysical Journal 98(12) 3054–3061
FIGURE 7 Comparison of protein regions showing resonance shift and
those showing conformational exchange in the absence of ligands. Residues
displaying significant resonance shift (CCSP R 0.05 ppm) are shown in
yellow and orange. Residues displaying significantRex (R1.5 s
1) are shown
in yellow and green. The yellow region displayed both characteristics.
3060 Long and Yangwhen only the high affinity binding site was saturated, the
resonance shift was observed for only part of the protein
residues. The combined CCSP was calculated for the high
affinity binding site, as shown in Fig. 6, to highlight regions
with obvious changes. Surprisingly, plotted on the structure
of hLFABP, these residues are found to roughly overlap
with those showing intrinsic conformational exchange in
the absence of ligands. As shown in Fig. 7, there is a large
common region (yellow) that shows both Rex in the
apo-protein and significant CCSP in the current titration
experiment. This result implicates that the minor state of
apo-hLFABP might represent the bound conformation of
hLFABP, in which the high affinity site is occupied whereas
the low affinity site is free.
Distinct regions (Fig. 7, orange and green), which showed
only CCSP (>0.05 ppm) or Rex (>1.5 s
1) in the apo-form,
are also highlighted on the structure. Such a difference is not
unexpected because the CCSP is contributed by 1H and 15N
chemical shift changes caused by both conformational
changes and direct protein-ligand contact. On the other
hand, the Rex detected for the apo-form relies on the nitrogen
chemical shift difference (DuN) between the minor and
major apo-protein conformations. It is noteworthy that
similar (but not completely identical) conformations could
produce different backbone chemical shift patterns in prac-
tice. The minor state of apo-hLFABP may resemble the
bound conformation with a single ANS, but they are not
necessarily identical.CONCLUSIONS
In this study, detailed characterization of the slow motions
of hLFABP was conducted, and the potential correlation
between slow dynamics and the ligand entry/exit processes
was modeled and then tested by experiments. Although theFIGURE 6 Histogram of CCSP of hLFABP on addition of ANS
(at ~1:1 ratio).
Biophysical Journal 98(12) 3054–3061initial purpose of this study was to establish a dynamics-
function relationship, our experimental results, unfortu-
nately, reject the assumed model due to the contradiction
of timescales. Future investigation of the functional
dynamics of hLFABP relevant to ligand entry, which may
be due to the intrinsic dynamical property or be induced
by the ligand molecules, should be focused on the micro-
second or submicrosecond timescale. Because the current
study is based entirely on hLFABP, these results do not
exclude the possibility that other FABPs may adopt different
mechanisms. Comparative studies between hLFABP and
various other FABPs, including IFABP and its helix-less
variant (22), would be an interesting future direction.
Regarding the nature of the conformational exchange of
hLFABP on the millisecond timescales, our current experi-
mental results are not yet sufficient for drawing any conclu-
sion. However, qualitative comparison of the patterns of the
intrinsic conformational exchange and the chemical shift
perturbation implies that the invisible state might represent
the singly bound state of hLFABP. In other words, this
protein may have the intrinsic trend to access one bound-
state conformation even in the absence of the ligands. This
assumption, however, should be subjected to more rigorous
experimental test in the future.SUPPORTING MATERIAL
Additional text and one figure are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(10)00413-3.
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